INTRODUCTION
In hemolytic anemia due to unstable hemoglobins, inclusions of denatured hemoglobin are commonly found in circulating red cells, particularly after splenectomy. The shortened red cell survival in these disorders is due in part to increased rigidity of cells containing inclusions (1) and to membrane damage associated with intracellular precipitation of hemoglobin (2) . Numerous small inclusions are also commonly seen in red cells from patients with sickle cell disease under special conditions, either Received for publication 19 April 1976 and in revised form 14 December 1976. by phase-contrast microscopy with high-intensity illumination or after acid elution of adult hemoglobin from cells (3) . Sickle hemoglobin in the oxygenated configuration is unstable under special conditions of mechanical shaking or stirring, or with repeated cycles of oxygenation and deoxygenation (4, 5) . The present study deals with our attempts to determine the nature and amount of denatured hemoglobin in red cell membrane fractions from patients with sickle cell disease and normal subjects after complete removal of oxyhemoglobin.
METHODS
Patients. Patients with sickle cell disease ranged in age from 3 to 19 yr old. Blood was drawn at the time of a routine clinic visit and not during crisis or infection. Only one of these patients had a surgical splenectomy. The patients with hereditary spherocytosis and autoimmune hemolytic anemia were children 4-6 yr in age. The controls were mostly adult laboratory personnel, but also included several children with intact spleens.
Absorption spectra of red cell stromata prepared by various methods. Blood was drawn into heparin and red cells were washed three times with 0.85% saline solution and were centrifuged. 0.2-ml aliquots of washed red cells were hemolyzed with 40 ml of either (a) water, (b) 0.5 mM EDTA, 5 mM potassium phosphate buffer, pH 7.5, (c) 10 mM potassium phosphate buffer, pH 7.5, or (d) 20 mM potassium phosphate buffer, pH 7.5, to determine the best solution for removing native oxyhemoglobin from the stromal fraction. The hemolysate was centrifuged at 15,000 g for 20 min at 4°C. The stromata were washed four more times with the same buffer used for initial hemolysis. The washed stromata were resuspended in 4 ml buffer and the absorption spectra were recorded with an Aminco DW-2 UV-VIS spectrophotometer (American Instrument Co., Inc., Silver Springs, Md.). The conversion of oxyhemoglobin to hemichrome during the washing procedure was proven to be negligible by measuring the total oxyhemoglobin before and after the washing procedure.
Comparison of spectra of stromata after successive washes. The purpose of this series of experiments was to study the spectral changes of red cell ghosts as native oxyhemoglobin was eluted with successive washes. Potter-Elvehjem homogenizer. Care was taken not to produce foam, which might lead to artificial precipitation of hemoglobin. The absorption spectra of this stromal suspension (stroma,) were measured between 250 and 700 nm with an Aminco DW-2 UV-VIS spectrophotometer. The rest (2.9 ml) of the original stromal mixture was diluted with 17.1 ml of the phosphate-EDTA buffer and the procedure was repeated five more times to produce stromal fractions II-VI.
Heme concentrations in the supernatant solutions which contained mainly oxyhemoglobin were calculated by the use of the millimolar extinction coefficient of mE577 = 15.0 mM-1 cm-'. In stromal fractions which contained both the oxyhemoglobin and hemichrome forms, the total heme concentrations were calculated from the optical density at the isosbestic points (the points of interaction) between the spectra of oxyhemoglobin and hemichrome (Fig. 1) (Table I) , the heme concentrations determined by this method were always higher than those obtained by the extraction method described below because of a slight elevation of the base line due to turbidity.
The extraction method was therefore used for all final quantitative determinations of heme content.
To determine if the hemichromes in the membrane fraction were reversible, dithionite was added and carbon monoxide was bubbled through the suspension. The spectrum was unchanged after this treatment, indicating that the hemichromes were of the irreversible type. The fractions of oxyhemoglobin in the mixture of oxyhemoglobin and hemichrome were calculated by the following equations:
oxy-Hb() x, -0.795 x 100, 1.128 where xl = E577/E525. Corrections were made for the loss of 0.1-ml suspensions out of 3-ml ghost suspensions used for spectrophotometer analysis, i.e., F = (3.0/2.9)n-1, where F, is the correction factor for losses due to sampling for analysis. The absence of oxyhemoglobin in the stromata was confirmed by measuring the absorption spectra of the suspensions with an Aminco DW-2 UV-VIS spectrophotometer. When oxyhemoglobin remains in the stromata, the spectrum shows typical absorption peaks of oxyhemoglobin at 542 and 577 nm.
Heme content of red cell stromata. The following extraction method was used for quantitative determination of heme in the preparation of washed stromata. 0.5-1.0-ml aliquots of washed erythrocytes were hemolyzed by mixing with 40 ml of 5 mM of potassium phosphate buffer, pH 7.5, containing 0.5 mM EDTA. After standing for 5 min, the hemolysate was centrifuged at 15,000 g for 20 min.
The stromata were washed two more times with the same buffer. The pellets were washed once more by mixing first with 5 ml distilled water and then with 35 ml of the phosphate-EDTA buffer. The supernatant solutions were combined. After confirmation of the absence of oxyhemoglobin by analysis of spectra, the stromata were mixed with 2.3 ml of 2.5% sodium dodecyl sulfate (SDS)' solution, and left at room temperature overnight. Although foaming due to SDS can be controlled by gentle handling of the solution, the foaming can be effectively prevented by the addition of 1-2 ppm of SAG 10 (10% dimethylpolysiloxane emulsion, Union Carbide Corp., New York). The heme content of the stromata was determined by the absorbance at 404 nm of the resulting solution using 2.5% SDS as a blank. Millimolar extinction coefficients for denatured hemoglobin were derived from oxyhemoglobin S precipitated by mechanical shaking (4, 5) . The precipitate is known to have a hemichrome spectrum (5) . The precipitate was gently dissolved in 2.5% SDS solution. The millimolar extinction coefficients of heme in 2.5% SDS are E404= 90.8, E600= 6.5 cm-', mM-1, and E418= 83. 6 and E,42= 11.5 cm-', mM-' in the presence of KCN. The heme content in the supemate was measured as oxyhemoglobin.
The heme content in the stromata was expressed as a fraction of total heme in erythrocytes: stromal heme (%) = (stromal heme)/(supematant heme and stromal heme)
x 100.
RESULTS
Absorption spectra of red cell stromata. The amount of hemoglobin remaining in red cell ghosts depends on the concentration of the buffer with which cells are treated (6, 7). Dodge et al. (7) reported that retention of hemoglobin is increased by hemolyzing the cells with phosphate buffer on concentrations below 5 or above 20 mosmol. Our similar experiments with sickle erythrocytes confirm these results. A considerable amount of hemoglobin was retained when the cells were hemolyzed with water or with phosphate buffer at 10 mM or higher ( Fig.  2A) . The maximum hemolysis was obtained with 5 mM potassium phosphate buffer containing 0.5 mM EDTA. The hemoglobin retained in ghosts after repeated washings with water or with 20 mM phosphate buffer was found to be mainly in its oxyform as demonstrated by the prominent peaks at 542 and 577 nm in the absorption spectra of the ghost suspensions ( Fig. 2A) . In contrast, the red cell ghosts prepared with 5 mM phosphate buffer containing 0.5 mM EDTA showed mainly the spectrum of hemichrome. Hemichromes are derivatives of hemoglobin and other hemoproteins in which the sixth coordination position of heme-iron is bound to a nitrogen atom on the imidazole ring of histidine in position E7. Hemichromes are distinguishable by characteristic absorption spectra (8) precipitated hemoglobin prepared by mechanical shaking (4, 5) or by heating also show similar spectra (Fig. 2B ).
There are distinct differences in the visual appearance of red cell ghosts prepared by the different methods of lysis. The pellets prepared with water exhibited a homogeneous pink color indicating the equal retention of oxyhemoglobin in each cell, whereas the pellets prepared with 10 or 20 mM phosphate buffer clearly showed two components: white ghosts and red erythrocytes. The pellets prepared by 5 mM phosphate containing 0.5 mM EDTA had two components of dark brown and white, the ratio depending on the amount of denatured hemoglobin in the stromata.
Comparison of spectra of stromata from normal and sickle erythrocytes. Absorption spectra of suspensions of stromata from normal and sickle erythrocytes at each washing step are compared in Fig. 3A and B. Initially the suspensions exhibit the spectrum of dissolved oxyhemoglobin. Upon repeated washings the fractions of hemichrome gradually increase as noted by the disappearance of the two sharp peaks of oxyhemoglobin at 577 and 542 nm and by the appearance of a hemichrome spectrum similar to that shown in Fig. 3A and B. The ratio of the absorbance at 280 nm to that at the Soret peak (414 nm) also increases as soluble oxyhemoglobin is washed out. After washing three to four times, these ratios become constant and the spectrum is mainly that of hemichrome.
The heme content, optical density at 280 nm, and fraction of hemichrome comparing total hemoglobin in stromal-stromav, are illustrated in Fig. 4 . The data shown are from one example of 10 experiments in which the full calculations were done for at least three spectral measurements of stromata (samples after washes, e.g., I, III, VI) in experiments in which A and S cells were compared on the same day. In these studies, the mean A28dtotal A280 (%) value for Hb AA cells in washes IV-VI was 1.7 +0.2 (1 SD) (12 determinations), and the value for Hb SS cells was 3.4+0.55 (24 determinations).
Comparison by a paired value t test gives a significant difference (P < 0.001), as does a comparison of the means by the t test (P < 0.001). In four sets of these studies done on the same blood sample, the mean value of A28o/total A280 for stromata IV-VI was 3.4+0.32. The relationship of A280/total A280 to hemichrome is shown in Fig. 4 , with values calculated from spectra (white bars in lower part of figure) . As the red color disappears from the stromata 
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T. Asakura by repeated washings, the fraction of hemichrome gradually increases. This is clearly due to the washing out of oxyhemoglobin as seen in the successive spectra of the supernatant solutions (Fig. 3C) . Although it is not known if any soluble stromal protein is washed out during washing, there is no detectable loss of denatured hemoglobin in the supernate. After five to six washings, the stromata showed the dark brown color of hemichromes.
The absorption at 280 nm for sickle stromata is higher than that of normal stromata, indicating an increased protein content (Fig. 4) . In stromav, of normal cells, about 10% of the absorption at 280 nm is accounted for by denatured hemoglobin if we assume that there is no heme-free globin. Therefore, about 90% of this absorption may be attributed to membrane protein. In stromav, of sickle cells, the percentage of denatured hemoglobin is at least three times the amount in normal cells. However, the increased stromal A280total A280 cannot be totally accounted for by the increased fraction ofhemichrome. The remaining protein in sickle erythrocytes' stromata must therefore be either heme-free globin or increased membrane protein.
Denatured hemoglobin content in normal and sickle cells. The amounts of denatured hemoglobin were determined as total heme by dissolving the ghosts in 2.5% SDS solutions after removal of oxyhemoglobin. The results for red cells from patients with sickle cell disease, hereditary spherocytosis, autoimmune hemolytic anemia, and from controls are shown in Fig. 5 .
In sickle erythrocytes, denatured hemoglobin was 0.158±0.070% (1 SD) of the total hemoglobin (range 0.080-0.300). The highest values were in the two oldest patients (19 yr old) and in an 11-yr-old girl splenectomized three yr before this study. A group of children with hereditary spherocytosis and autoimmune hemolytic anemia was also studied to evaluate the effect of reticulocytosis or splenectomy on 0.300 denatured hemoglobin. Before splenectomy, the values were 0.030, 0.047, and 0.048, whereas in the splenectomized group the mean was 0.063+0.018 (range 0.041-0.090). The control group which included normal persons, several children with hematologic disorders other than hemoglobinopathies or hereditary spherocytosis, and one splenectomized child had a mean of 0.030+0.016 (range 0.010-0.055). To determine the amount of denatured hemoglobin in irreversible sickle cells (ISC), ISC were prepared artificially by incubating sickle erythrocytes under anaerobic conditions for 24 hr (9) . Although more than 70% cells were ISC, the increase in the amount of denatured hemoglobin in these cells was negligible.
DISCUSSION
Although many previous investigations (6, 7, (10) (11) (12) (13) have been concerned with the interaction of hemoglobin and the red cell membrane, little is known about the nature of hemoglobin in red cell ghosts. We have shown that there are at least two distinct types of hemoglobin associated with red cell ghosts.
One is hemichrome-type denatured hemoglobin and the other is oxyhemoglobin. If the amount of hemoglobin in ghosts is determined as total heme, either by the pyridine hemochromogen method (7) or the cyanomethemoglobin method (1), the amount of hemichrome-type denatured hemoglobin cannot be distinguished from that of oxyhemoglobin remaining in the stromata. For this reason, the amount of hemoglobin on ghosts measured by these methods fluctuates with the variation in amount of oxyhemoglobin associated with the membranes due to differences in methods of lysis and washing. Increased intracellular denaturation of hemoglobin in sickle cell disease does not seem to be solely due to reticulocytosis or the absence of splenic function. Patients with reticulocytosis in this study did not have increased denatured hemoglobin, and those who were splenectomized had only a slight or no increase above the control group (Fig. 5) . The validity of the methods used in this study in detecting intracellular precipitation of oxidized hemoglobin is indicated by 5-10-fold greater values than normal found in red cells from patients with Hb K6ln, Hb H disease, or severe glucose-6-phosphate dehydrogenase deficiency.2
The mechanism of hemoglobin precipitation inside erythrocytes containing Hb S is not known. It cannot be due to the gas-liquid surface denatura2Asakura, T., K. Adachi, and E. Schwartz. Unpublished observations. tion which occurs during mechanical shaking. Repeated passages of erythrocytes through very narrow capillaries might cause sufficient agitation of oxyhemoglobin to result in precipitation. Another possibility is the repetition of conformational changes between oxy-and deoxyhemoglobin S during circulation. Experiments in our laboratory have shown that hemoglobin S denatures at a faster rate than does hemoglobin A during repeated changes ofthe gas phase from air to nitrogen. The conformational changes between the two states may provide sufficient molecular agitation to cause precipitation.
The cause of most vaso-occlusive crises in sickle cell disease, and the differences in frequency of crises and severity of disease between patients, is not clearly understood. Increased precipitation of sickle hemoglobin inside the erythrocytes may be a contributing factor to the initiation of crises and chronic hemolysis. Intraerythrocytic precipitation of hemoglobin would cause rigidity of red cells and would contribute to stasis, sickling, and vasoocclusion. The confirmation of this hypothesis requires extensive studies of many patients with sickle cell disease to determine the relationship -between the amount of intraerythrocytic denatured hemoglobin and the clinical status of the patients.
